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SNOIIV'1:IPIlS M O I A Euler Equation Solver
Here, h represents the volume of each finite volume cell where S,, is the projected area of Si in the j direction, and x,, X; We have adapted Jameson, Schmidt and Turkel's fourth order Runge-Kutta time stepping scheme13 to the three-dimensional Euler equations represent the physical and the computational coordinates respectively. A more explicit form of Equation (41, t h e momentum equation for example, can be rewritten as wt + fx + g, + rz = 0 (1) Here, the pressure P, the density p, and the temperature T are normalized with respect to the freestream values. The total enthalpy H and the total energy E are normalized with respect to P,/p,, and the velocity components are normalized with respect t o m-. Equation (1) can be integrated over each finite volume cell, as shown in Figure 2 , and written in a compact tensor form where Ui = S..u. represents the flux velocity (or contravariant velocity) in the 1 direction. ' 1 . 1 .
The basic numerical scheme used in the present study is described in detail in Reference 13 and is not repeated here. For powered nacelle simulation, in which the outer flow field and the nacelle exhaust flow field have different total enthalpy, a certain modification of the added enthalpy damping terms is necessary in order to converge to a correct steady state solution. The strategy employed in the present analysis is to completely turn off the enthalpy damping terms in the region downstream of the nacelle trailing edge where the outer flow and the nacelle exhaust flow have common boundaries. Upstream of the nacelle trailing edge, the enthalpy damping terms are gradually turned on with appropriate reference values of enthalpy in the exterior and jet flow streams. With this implementation, the finite volume equations we solve recover the Euler equations a t the steady state. Another modifieiation of the flow algorithm is the implementation of filter terms along the exhaust plume boundary. For nacelle exhaust flows that have a different total temperature than the freestream, the added filter terms serve as a smoothing mechanism for the enthalpy distribution across the exhaust plume boundary. where ii represents the unit vector normal to the configuration surface. Along the configuration surface, X, = Y = constant, the flux velocity U2 is zero, and Equation (7) reduces to (81 Equation (8) is used to evaluate aPlaX, in terms of derivatives in the other two coordinate directions X and X,. The surface pressure P is then obtained from aP/ak,,using a one-sided difference approximation. The metric quantlty Sz, is evaluated a t the configuration surface instead of a t the cell center. The effects of various ways of calculating Sz, on the numerical solutions will he discussed in the last section.
Along the upstream farfield boundary, a n inflow boundary condition corresponding to the proper characteristic boundary condition is used. For example, the static pressure is extracted from the flow field solution, and the rest of the flow quantities are assigned. Along the downstream farfield boundary, an outflow boundary condition i s imposed. The pressure is specified, and the other flow variables are extracted from the solution. A periodic boundary condition is applied in the circumferential direction a t the nacelle crown section. The nacelle centerline is treated as a solid body with a zero radius.
For powered nacelle simulations, additional boundary conditions are needed. To control the intake flow rate of the nacelle, the three different options for specifying fan face boundary conditions that have been implemented are:
I/
Mass flux boundary condition
The quantity @?ij,ii is specified a t the fan face. This quantity can be related to commonly used streamtube captured areas by the one-dimensional continuity relationship
Here, AHL represents the highlight area of the nacelle and Afan the area of the fan face.
Velocity boundary condition
The quantity Tii is specified a t the fan face. This can be written i n terms of area ratios through introducing the assumption that the density can be related to the freestream value by the isentropic relationship, leading to
The latter assumption is not valid when shock waves are present in tne inlet.
Static pressure boundary condition
The static pressure P a t the fan face is specified
In any case, only one quantity can be specified. The rest of the flow variables are a result of the solution process.
T h e nacelle exhaust plane boundary conditions include the total pressure Po, the total temperature To, and the flow direction. The latter is accomplished by specifying values of u, v, w that sum vectoridly to the magnitude of the velocity extracted from the previous iteration and whose ratios imply the desired flow direction. This is sufficent when the flow a t the fan exit plane is subsonic. For supersonic exhaust flow, the Mach number is also specified a t the fan exit plane.
Grid-Generation Procedures
An essential element for the successful flow simulation of general nacelle configurations is the capability of generating smooth and well distributed grids in the complete flow field. Several existing numerical grid-generation m e t h~d s '~~'~~'~~'~ can be applied. For convenience, a method developed earlier in a wing-body analysis4 was adopted here. At each section cut of the nacelle, a C-type grid is produced by the solution of a system of nonlinear elliptic equations. Notice t h a t a rectangular (cylindrical in three dimensions) farfield is used in the nacelle flow analysis, as shown in Figure4. A typical C-type grid system has a tendency to overcluster grid points in the region near the nacelle leading edge. To prevent this kind of overclustering, a source term that varies linearly from a positive value a t the trailing edge grid line to a negative value a t the leading edge grid line is used. Figure 5 illustrates the overall picture of the grid system for a three-dimensional nacelle. For casea in which highly smooth grid is needed, a more precise grid control method should be implemented. A method for precise grid control that is presently under study divides the flow field into several regions, as shown in Figure 6 . Along the boundaries of each region, a proper weighting function for the grid control is assigned, and a two-dimensional bilinear or B three-dimensional trilinear approximation for the weighting function of the control term is constructed for the grid pointa inside each region. The weighting function is continuous aero88 each region and can he adjusted along each boundary separately. Thus, i t offers greater flexibility for the control of grid quality than the original grid control concept, which utilizes a sinele control function throuzhhout the entire flow Boeing's present CRAY-IS installation comprising 2 million decimal words of memory, the grid resolution could he increased up to 128x16~28 mesh cells without utilizing off-core disk storage.
W

Flow-Through Nacelle Simulations
The simple axiaymmetric nacelle without center body shown in The real challenge of nacelle flow calculations is encountered with powered nacelle flow simulations. The performance of a nacelle a t takeoff conditions. an well as a t cruise, is of great interest to aircraft designers. At takeoff conditions, the nacelle is a t a high angle of attack and experiences a high intake flow rate; the flow field is highly three-dimensional. In our experience, simulation of takeoff condition flow is a more stringent test of a code than a cruise point simulation.
The nacelle geometry illustrated in Figure 5 was analyzed a t a = 25 deg. and M, = 0.27 with a corrected weight flow rate CWF = 1754 Ihslsee., corresponding to a takeoff condition. The local Mach number distributions near the inlet region along crown, maximum half breadth, and keel lines obtained from the Euler code are compared with test data in Figure 9a . Notice that two local Mach number curves from the Euler code are shown. The solid curve displays the actual value of the Mach number calculated locally on the surface by the Euler code. The dashed curve displays a value of the local Mach number calculated by combining the local surface static pressure given by the Euler code with the freestream value of total pressure. It is strictly correct to call such a quantity the local Mach number only a t points upstream of shock waves; it is erroneous to call i t a local Mach number downstream of a shock wave where the total pressure has changed. Nevertheless, this is a common way of reducing experimental data (where only surface static and freestream total pressure are measured), and so we reduced the Euler results i n like manner to aid i n comparison with experiment. The Euler results agree well with test data. Along the crown line and the maximum half breadth (MHB) line, the flaw field is either completely subsonic or slightly supersonic, and the isentropic relation should he valid in these regions. In other words, Mach number distributions obtained using the local total pressure 88 a reference should agree with those obtained using the freestream total pressure. The Euler code does show good agreement between the two Mach curves in these regions, indicating that the code provides good resolution of the flow field and a correct value of total pressure a t the surface. Along the keel line, a shock of moderato strength appears near the inlet region, which produces rotational flow with significant loss in total pressure downstream of the shock. The effect of this shock on the total pressure can be deduced from the difference in the computed Mach number curves shown in Figure 9a a t points downstream of the shock along the keel line. The dashed curve, which corresponds to data reduced by the same method as that of the experiment, shows goad agreement with the measured values in this region -the hoped-for result. Figure 9b shows total pressure comparisons along radial lines a t t h e fan face. The only region of disagreement occurs near the cowl surface a t the keel station; here, the experimental data indicate the presence of a thick boundary layer along the keel surface. The use of the cell center value of Szj tends to give solutions with excessive total pressure loss throughout the entire inlet region. To further illustrate this effect, the same nacelle configuration shown in Figure 5 was analyzed a t M , = 0.21, OL = 30 deg. and a corrected weight flow rate CWF = 826lbs/sec., using both the center value Szj and the surface value &, , Figure 11 compares the velocity plots of the two results. T h e differences between the two solutions are quite dramatic. The one that uses the cell center value of Szj gives a large recirculation region near the keel line; whereas, the one that uses surface values of Sa gives a smooth solution without separation, a realistic solution for an inviscid flow. If one uses a lower order approximation hy setting the surface pressure equal ta the cell center pressure instead of solving the normal momentum equation (Equation (a) ), an even larger separation region is observed. During the unsteady time marching procedure, it is noted that no supersonic flow appears in the flow field far this case. Thus, the artificial inviscid separation is not due to a total pressure loss generated by the shock during the unsteady time marching process. Rather, it is purely a result of inaccuracy in the evaluation of the surface pressure boundary condition, which leads t o the formation of an "artifical boundary layer" (a thin layer of lower total pressure) adjacent to the surface. This does not show up readily in the usual static pressure comparisons because this thin layer has little influence on the static pressure distribution on the surface (as does a thin real boundary layer). Wo detected the presence of this layer by comparing local Mach number distributions calculated using local values of total pressure. The examples discussed above showed large differences in local surface Mach number but only relatively amall differences in static pressure. A precise surface boundary condition is necessary in order to accuratelv uredict a hixh anele of . . The entropy production obtained from the Euler code is still questionable, especially for high angle of attack flows. Negative entropy production near t h e leading edge and entropy fluctuation downstream of the shodr have been observed. The major cause of inaccuracy in the entropy evaluation could be due to the combined effects of the method used to calculate b' surface pressure and filter terms t h a t seem to exhibit nonsmooth behavior near the leading edge and shock regions. Methods t o improve these items are presently under exploration. They include a precise formulation of the normal momentum flux balance at the configuration surface, smooth filter terms near the leading edge and shock far 5 general grid system, and finally, a nodal point-oriented scheme that requires no extrapolation to compute surface pressure values.
Conclusions
An efficient Euler code for a general three-dimensional nacelle flow simulation has been developed. Computed results amee well with those of a panel methdd a t low ;peed and withtest data at transonic speeds. At the present time, the Euler code can provide goad resolution for surface pressure distributions.
In our opinion, some problems still exist which lead to erratic behavior of the entropy in a thin layer near the surface a t stagnation and shock regions. Methods to resolve this problem by improving the surface pressure calculation algorithm and the calculation of filter terms are presently under study.
